Introduction
More and more embedded sensor systems are employed in our daily lives, such as medical implants, structural health monitoring in civil infrastructure, and the internet of things. These systems are normally powered by batteries, which need to be replaced or recharged, pollute the environment once thrown away, and are in general volumetrically the largest component of the harvester. One way of dealing with this drawback, is to eliminate the battery and use energy harvesting instead; extracting energy from the surrounding environment and in-situ converting it into electrical energy. [1, 2] Depending on the application, our natural environment offers several forms of energy to be converted, such as solar power, wind energy, flowing water and mechanical energy. Here we focus on harvesting mechanical energy, such as vibrations from machines, repetitive body motion or small scale impact. [3, 4] Possible methods that can be used are electrostatic or electromagnetic induction and piezoelectricity. [5, 6] Current emphasis is on piezoelectric materials as they can directly convert mechanical energy into electrical energy, leading to harvesters with high energy density at small volume, while they are also easy to integrate into systems due to their design flexibility. [7, 8] The output of a vibrational harvester strongly depends on the boundary conditions of the applied mechanical load. Numerous mechanical designs are used to optimize the strain per unit of load, such as bimorph cantilevers, unimorph diaphragms and cymbal transducers, but a high strain is a device attribute and does not automatically imply a high energy density. In order to compare the performance of piezoelectric materials themselves, the product of the piezoelectric charge coefficient, d 33 , and the piezoelectric voltage coefficient, g 33 , is being used. [9, 10] This figure of merit, d 33 g 33 , is a measure of the energy density per unit volume that can be harvested. We note that d 33 g 33 is equal to d 33 2 /ɛ r ɛ 0 , where ɛ 0 is the permittivity of vacuum and ɛ r is the relative dielectric constant.
Not surprisingly, therefore, commonly used piezoelectric materials are based on inorganic ceramics, such as lead zirconium titanate (PZT), due to the high values of the piezoelectric coefficients, i. e. d 33 g 33 is about 10-22 pm 3 J À 1 , and high Curie temperature, i. e. T C is about 160-370°C. However, PZT and related materials have two drawbacks. [11] [12] [13] Firstly, ceramics are brittle, leading to mechanical failure under large cyclic strains. Secondly, due to the presence of Pb, the commonly used inorganic piezoelectric material PZT is classified as a Substance of Very High Concern (SVHC) according to the European Community REACH regulation 1907/2006/EEC. To circumvent these drawbacks, alternative non-toxic piezoelectric materials are being investigated. Piezoelectric polymers, such as poly(vinylidine-fluoride) (PVDF) and its copolymers, have the advantage of being flexible. This implies that large cyclic strains can be repetitively applied without deterioration of the reliability. However, the application of piezoelectric polymers is hampered due to their limited energy harvesting potential, as d 33 . [14, 15] Here we demonstrate that piezoelectric composites are a worthwhile alternative.
Piezoelectric composites combine an (inert) polymeric matrix with a piezoelectric ceramic filler. [16] [17] [18] The polymeric matrix yields the mechanical flexibility. At a low volume fraction of piezoelectric filler, up to about 10 percent, the Young's modulus of a piezoelectric composite is comparable to that of the polymeric matrix. The ceramic filler renders the composite piezoelectric. The charge coefficient, d 33 , increases with filler volume fraction. More importantly however, the charge coefficient strongly depends on the connectivity, defined as the number of dimensions in which a phase is selfconnected. [19] For a composite containing two phases, there are sixteen connectivity patterns, which range from 0-0, where neither phase is self-connected, to 3-3, where each phase is self-connected in three dimensions. In this convention, the first digit refers to the active piezoelectric ceramic phase, while the second digit refers to the polymeric matrix. Representative connectivity schemes are presented in Figure 1a . A 0-3, or random, composite is easy to fabricate. However, at low volume fraction of ceramic particles, the electric field is confined in the low dielectric constant polymeric matrix. There is no electric field over the disconnected piezoelectric particles and, therefore, at low volume fractions a random composite is hardly piezoelectric. [20, 21] On the other hand, a 1-3 composite contains continuous ceramic pillars. The composite therefore exhibits larger piezoelectric coefficients, but the main drawback is the difficult manufacturing route, as it entails cutting and refilling ceramics. [22, 23] A method to combine the easy manufacturing of the 0-3 composite with the piezoelectric properties of the 1-3 composite is to align discrete ceramic particles in the polymeric matrix while it is in a low viscosity state, obtaining quasi 1-3, or structured, particle composites. By doing this, the inter-particle distance in the field direction is reduced significantly. The smaller the inter-particle distance, the higher the electromechanical coupling. In practice this can be realized in two ways. Firstly, the filler particles can be aligned, the distance between the filler particles is then smaller than in a random composite. Secondly, the number of interconnects can be minimized, for instance by the use of high aspect ratio fibers instead of spherical particles. The limiting case is then again a 1-3 composite. Consequently, at low volume fractions, the improved connectivity of the filler particles rapidly improves d 33 with volume fraction. At higher volume fractions, the d 33 increases less and less. [21, 24, 25] Contrary to the charge coefficient, the dielectric constant, ɛ r , experiences only a marginal increase due to alignment of the particles. The dielectric constant is dominated by that of the polymeric matrix, hardly depends on the microstructure and increases approximately linearly with the volume fraction of ceramic particles. As an illustration we calculated the figure of merit, d 33 g 33 , as a function of filler volume fraction for 0-3, 1-3 and quasi 1-3 composites. There are various models that describe ɛ r and d 33 as a function of filler volume fraction. [20, 21, [26] [27] [28] [29] All these models give comparable values. [30] We arbitrarily used the Yamada model for random composites, and the Van den Ende model (for d 33 ) in combination with the Bowen model (for ɛ r ) for the structured composites. Using these models, the lines in Figure 1b are calculated. The product d 33 g 33 depends on numerous parameters, such as the dielectric constant of matrix and filler, bulk piezoelectric charge coefficient, poling efficiency, aspect ratio of particles and fibers, and the inter-particle distance. The parameters were kept constant as much as possible to give the qualitative The lines are calculated using, arbitrarily, the Yamada model [20] for a random composite, and the Van den Ende model [21] and the Bowen model [29] to calculate d 33 and ɛ r , respectively, for structured composites. Model parameters were kept constant as much as possible, to arrive at a qualitative picture in arbitrary units. The piezoelectric properties of the various 1-3 composites are anisotropic. Here we present the longitudinal piezoelectric constants. representation of Figure 1b . We note that, at high volume fraction, the predicted value of d 33 g 33 of structured 1-3 composites is lower than that of random 0-3 composites. This counterintuitive behaviour is an artefact of the theoretical models; for instance at high volume fraction the dielectric constant is over-estimated. It has been experimentally shown that at high volume fraction alignment is not advantageous for the piezoelectric coefficients. [31] Therefore, in Figure 1b , at high volume fraction all models should converge to that of the random 0-3 composite.
For a random composite the value of d 33 g 33 is small, and monotonically increases with filler volume fraction, as shown in Figure 1b . As expected, a structured composite exhibits a higher value in the low volume fraction region. The figure of merit peaks at about 5-10 vol % due to the steep increase of the charge coefficient at low filler volume fractions. The maximum value of d 33 g 33 increases with decreasing interparticle distance, from quasi 1-3 particle composites, through quasi 1-3 fiber composites, [32] to 1-3 composites. Figure 1b clearly shows that, due to the decreased inter-particle distance, the fiber composites are preferred over particle composites. Composites for energy harvesting should preferably comprise a low volume fraction of aligned piezoelectric fibers in polymeric matrix with a low dielectric constant.
Here we fabricate state-of-the-art piezoelectric quasi 1-3 fiber composite materials. As an environmentally friendly, lead free ceramic filler we used aligned K 0.485 Na 0.485 Li 0.03 NbO 3 (KNLN) fibers. Polydimethylsiloxane (PDMS) is used as the polymeric matrix, since it has a low dielectric constant. The Young's modulus of a few MPa leads to mechanically flexible composites, which can handle multiple cyclic strains without affecting the reliability. The KNLN fibers are aligned through dielectrophoresis, which entails the application of an AC electric field while the polymeric PDMS matrix is still in its liquid state. [29, 33] After alignment, to minimize the interparticle distance, the PDMS is cured to fix the microstructure. The fabricated piezoelectric fiber composites are fully characterized as a function of filler volume fraction. To compare the fiber composites with state-of-the-art PZT, we measured the output energy in the simple boundary condition of a clamped disc. Although the output energy using this configuration is limited, this is the only reliable way to compare piezoelectric materials. [10] 
Fabrication of Aligned KNLN/PDMS Fiber Composites

Preparation of KNLN fibers
Green K 0.485 Na 0.485 Li 0.03 NbO 3 (KNLN) powder was obtained from CeramTec, Ruabon, UK, and calcined at 800°C for 2 hours (heating rate of 1°C min À 1 ) to decompose the starting oxides and to obtain a single phase material. Afterwards, the powder was milled using 10 mm yttria-stabilized ZrO 2 balls immersed in cyclohexane. The KNLN particles were mixed in a 20 wt % solution of cellulose acetate (M N 30,000, Aldrich Chemistry) in acetone, with a volume ratio of KNLN particles to cellulose acetate of 1 : 1. The mixture was used to spin fibers using the wet spinning technique in a water coagulation bath. After spinning, the fibers were dried and sintered at 1050°C for 1 hour (heating rate of 5°C min À 1 ) in a closed Al 2 O 3 crucible. To allow dielectrophoretic alignment, the fibers were broken into short fragments. An SEM micrograph, presented in Figure 2a , shows that the fibers have a kidney-like cross-sectional shape caused by evaporation of acetone. The fibers have a diameter of 27 μm by 54 μm and a 
Dielectrophoretic alignment of KNLN fibers
The fibers were mixed in two component polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning) with varying volume fraction (1-8 vol %) in a planetary speed mixer (DAC 150 FVZ, Hauschild, Germany). The slurry was degassed and poured into prefabricated holes punched into a Teflon sheet. The sheet was covered with two aluminum foils on both sides, acting as electrodes for dielectrophoresis, and clamped between two steel plates.
Dielectrophoresis has proven to be a well-suited technique to align a piezoelectric ceramic filler as the active phase, into a low dielectric polymeric matrix as passive phase. [21, 24, 25] The process is schematically depicted in Figure 2b . An AC electric field of 4 kV mm À 1 was used. The alignment efficiency of dielectrophoresis can be obtained from the phase angle between the applied voltage and leakage current, which depends on frequency. The equivalent electrical circuit of the dielectrophoretic setup is basically a resistor, originating from the uncured polymeric part of the sample, in parallel with a capacitor, originating from the piezoelectric filler part of the sample. At high frequency the capacitor is shorted and there is no driving force for filler particles to align. On the other hand, at low frequencies the direct current through the uncured polymer matrix becomes dominant, reducing the effective electric field on the filler particles. The optimal frequency is obtained when the phase angle in the uncured composite slurry is 90°. The system then is almost purely capacitive, with minimal leakage current. Here, the frequency was varied from 1 mHz to 10 kHz. We obtained, at a frequency of 200 Hz, a maximum angle of about 83°-85°, close to the optimum obtainable angle of 90°.
After alignment, the composites were cured at 100°C for 1.5 hours to permanently fix the fiber orientation. The AC field remained turned on to prevent sedimentation. The fiber alignment can be inferred from optical images of cross sections of the structured composites. Numerous cross sections of all the volume fractions where investigated. The optical images are identical, all samples fabricated are macroscopically homogeneous. To demonstrate the details of the microstructure, we present enlarged images of the full cross sections in Figure 3a . For all volume fractions investigated, i. e. 1-8 vol %, the fibers form clear bridges between the top and bottom electrode. However, the alignment decreases with increasing filler volume fraction. Furthermore, gravity effects cannot be fully suppressed; especially at high volume fraction the bottom part of the sample shows more fibers than the top part. To quantify the alignment of the KNLN fibers we extracted the orientational order parameter as the average of the second Legendre polynomial: [34] 
where β is the angle between the fiber chain and the surface normal, which is equal to the direction of the applied electric field. The order parameter varies between 0 for isotropic materials to 1 for perfectly aligned fiber composites. The order parameter as a function of filler volume fraction is presented in Figure 1c and shows a monotonic decrease from 0.9 to 0.6 for volume fractions between 1-8 vol %. Apparently, at higher volume fractions, the fibers obstruct each other's rotation and lateral displacement, which hampers quasi-fibre formation. [35] As reference, a random composite has been prepared with 6 vol % filler. No electric field was applied and during curing the mold was turned upside down every 10 minutes to prevent sedimentation. The optical image of the cross section is presented in Figure 3b . The extracted order parameter is only 0.3, significantly lower than 0.6 for the structured composite, which shows that dielectrophoresis is a versatile method to align piezoelectric fibers in a polymeric matrix.
Piezoelectric Coefficients of Aligned KNLN/PDMS Composites
To make the ferroelectric materials and composites act piezoelectrically, poling is required. To that end, capacitors where fabricated by sputtering gold electrodes through a shadow mask on both sides of the composites with a sputter coater (Quorum Q300T, East Sussex, United Kingdom). We performed numerous poling experiments where the poling time, the poling temperature and the applied electric field was varied deliberately. The optimal conditions obtained were an electric field of 15 kV/mm, a temperature of 150°C and a poling time of 5 minutes. Increase in the poling time did not lead to higher values of the piezoelectric constants of the present composites. We note that the conditions used for poling are in perfect agreement with reported poling studies on comparable KNLN/PDMS composites. [25, 36] Subsequently, the composites were aged for at least 24 hours before measuring the piezoelectric constants.
Piezoelectric-and dielectric constants of the capacitors were measured as a function of volume fraction. Extracted data points are presented in Figure 4 . Blue circles refer to structured quasi 1-3 fiber composites, and red squares refer to random 0-3 fiber composites. The dash-dotted lines are a guide for the eye, calculated with the same arbitrary models as used in Figure 1 . The relative dielectric constant, ɛ r , and the corresponding dielectric loss, tan(δ), as a function of filler volume fraction, φ, are shown in Figures 4a and 4b , respectively. The dielectric constant linearly increases with volume fraction due to the dielectric constant of the KNLN fiber being orders of magnitude larger than that of the PDMS matrix. The dielectric constant increases upon alignment, as commonly observed in dielectrophoretically aligned composites. [21, 24, 25, 31] Meanwhile, in all cases the dielectric loss does not exceed 3 %, and slightly increases with alignment. The piezoelectric charge coefficient monotonically increases with volume fraction, shown in Figure 4c . Furthermore, the values strongly increase upon aligning the fibers. As the increase in charge coefficient is non-linear, the piezoelectric voltage coefficient, shown in Figure 4d, and d 33 g 33 , shown in Figure 4e , show a maximum at a volume fraction of only 3-6 vol %. The maximum value for d 33 g 33 is 18 pm 3 J À 1 , the value of which will be compared to classical bulk ceramics in the next section. To demonstrate the important role of the inter-particle distance, we include as the green triangles, data previously obtained for dielectrophoretically aligned quasi 1-3 KNLN/PDMS particle composites. The piezoelectric coefficients are in between those of random and aligned fiber composites, in perfect agreement with the qualitative picture of Figure 1 . The same trend is supported by reported data on PZT composites, [32] which clearly demonstrates that piezoelectric properties can be optimized by using aligned fiber composites. Table 1 gives an overview of a representative number of reported piezoelectric materials. The materials in the table range from bulk materials, through random composites and structured particle and fiber composites, to a 1-3 composite. The ceramic filler comprises lead titanate (PT), PZT and KNLN, and as polymeric matrix PDMS, polyurethane (PU) and epoxy are used. The entries are sorted by d 33 33 , but due to the low dielectric constant of the polymeric matrix, their g 33 reaches state-of-the-art values up to 500 mV m N À 1 . We note that the 1-3 composite from the table is an exception to this rule due to the high volume fraction and perfect alignment. This causes the d 33 to be high while the g 33 stays low, comparable to bulk ceramics.
Comparison of Piezoelectric Materials
As stated earlier, for composites the value of d 33 g 33 strongly depends on the microstructure. Random composites are piezoelectric, especially at high volume fractions. However, the mechanical flexibility then is impaired. The value of d 33 can be dramatically improved by aligning the ceramic filler. Due to the low dielectric constant of the composite, g 33 , and therefore d 33 g 33 , peak at low volume fractions. The maximum value depends on the inter-particle distance, and therefore, aligned fiber composites are preferred over aligned particle composites. Table 1 shows that the highest value obtained with composites is 18 pm 3 J À 1 for structured KNLN fibers in PMDS. This value is comparable to state-of-the-art PZT ceramics. Additionally, due to the low volume fraction, structured composites remain mechanically flexible, which gives an additional degree of freedom to optimize a vibrational harvester. To verify the high value of d 33 g 33 , obtained for the aligned KNLN/PDMS fiber composite, we measured the output energy under sinusoidal mechanical excitation in a recently developed piezometer system. [10] The output energy is subsequently compared to that of state-of-the-art ceramic, PZT507, [39] measured under identical conditions. The electrical output of an energy harvester increases linearly with the mechanical input energy. This input energy strongly depends on the mechanical boundary conditions. The differences between a clamped disc, a bimorph cantilever, unimorph diaphragms or cymbal transducer can easily differ by many orders of magnitude. Here we measured the stored electrical energy of different material classes in the simple boundary condition of a clamped disk. We stress that this is experimentally the only way to reliably compare a variety of piezoelectric materials under identical conditions. However, we note that this clamped condition is the least efficient at transferring the applied load into elastic strain energy.
The piezometer system is schematically depicted in Figure 5a . The metallized capacitor is placed between two rounded anvils. Rounded anvils are used with a radius of 1.6 mm, identical to the anvils used in the Berlincourt measurement. The PZT507 and KNLN/PDMS samples have a similar surface area of 50 mm 2 and a similar thickness of 1 mm. The diameter of the anvils is identical to the diameter of the composites. An inductive voice coil supplies a static force of 10 N and a dynamic force of 3 N peak-to-peak, at a frequency of 1 Hz, shown in Figure 5b .
The short circuit current, I SC , is measured using an ultralow noise amplifier that virtually shorts the sample. The short circuit current is presented in Figure 5c 
where C p is the sample capacitance, A the electrode area and t the thickness. The stored electrical energy is presented as a function of time in Figure 5e and 5 f, for KNLN/PDMS and PZT507, respectively. From U open , the value of d 33 g 33 can be derived, which perfectly agrees with the values presented in Figure 4 . As U open depends on V oc 2 , it oscillates at double the applied frequency. This is as expected from the comparable values of d 33 g 33 , the stored electrical energy for KNLN/PDMS is comparable to that of PZT507.
We note that the energy density is low, only in the range of nW cm À 3 , due to the fact that the sample is mechanically clamped. However, in order to prevent any ambiguous interpretation, we carefully measured the stored energy in our KNLN/PDMS composite materials and PZT under exactly identical conditions. More importantly, in order to prevent any ambiguous interpretation, we carefully measured the stored energy in our KNLN/PDMS composite materials and PZT ceramics under exactly identical conditions. Therefore we can directly compare these two material systems for energy harvesting application. We show that the under identical clamped conditions, a similar output energy is measured for KNLN/PDMS fiber composites and PZT ceramics. This similarity demonstrates that piezoelectric composites can be a worthwhile alternative for state-of-theart piezoelectric ceramic materials in vibrational energy harvesters.
Conclusion
We fabricated quasi 1-3 aligned KNLN ceramic fibers in a PDMS matrix. The fibers were aligned by dielectrophoresis with an orientational order parameter between 0.6 and 0.9. The piezoelectric and dielectric constants were fully characterized as a function of fiber volume fraction. The figure of merit for materials to be applied in vibrational energy harvesters is d 33 . This relatively high value is due to the alignment of fibers, instead of particles, leading to a strongly reduced inter-particle distance. The value of d 33 g 33 is comparable to that of state-of-the-art PZT ceramics. Using a sensitive piezometer system, the stored electrical energy is measured under sinusoidal mechanical excitation. Under identical clamped conditions, a similar output energy is measured for KNLN/PDMS and PZT, as expected from the similar value of d 33 g 33 . This unambiguously demonstrates that environmentally friendly, lead-free, mechanically compliant materials can replace state-of-the-art brittle and damage-sensitive ceramics in piezoelectric vibrational energy harvesters. 
